Hypertrophic olivary degeneration (HOD) is a rare trans-synaptic neuronal degeneration of the inferior olivary nucleus caused by an injury to the dentato-rubro-olivary connection, also known as Guillain-Mollaret triangle. It leads to hypertrophy of the affected nucleus rather than atrophy and is characterized by hyperintensity on T2-weighted images. Unilateral and bilateral cases are described. We present a case of a 70-year-old patient affected by a tumor inside the fourth ventricle who suffered from diplopia and right seventh cranial nerve palsy. He underwent surgery and developed left seventh cranial nerve palsy. Three months after resection, magnetic resonance imaging revealed the appearance of bilateral HOD. This is the first report of bilateral HOD occurrence after surgical bilateral damage of the rubro-olivary fibers running in central tegmental tracts.
Introduction
Hypertrophic olivary degeneration (HOD) is a rare trans-synaptic neuronal degeneration of the inferior olivary nucleus (ION) that usually appears around three to four weeks after an injury to the fibers of the dentato-rubro-olivary connection afferent to the ION. It was first described in 1887 by Oppenheim, who observed pathological enlargement of the ION at postmortem examination 1 and confirmed by multiple authors in 1901 and 1903. 2 The etiology was elucidated in 1926, when Foix et al. described the process of ''trans-synaptic degeneration'': it refers to neuronal alterations caused by the loss of synaptic input when damage interrupts the afferent fibers. 3 Thus, HOD is the result of deafferentation of the ION and is a unique type of degeneration because it initially leads to hypertrophy of the affected olivary neurons rather than atrophy. Functionally, the ION plays a role in motion coordination, balance and posture maintenance and it gives precision and efficiency to voluntary movements. The dentatorubral tract takes part in a reflex arc that controls fine voluntary movements. The most common clinical feature associated with HOD is palatal tremor. Holme's tremor (dentatorubral tremor) and ocular myoclonus have also been reported. These symptoms reflect the loss of inhibitory control on the ION through the dentatorubral fibers, causing hyperactivity of the olivary neurons. 4 Palatal tremor can also be associated with progressive ataxia, further difficulties in walking and standing, visual disturbance, dysphagia and dysartria. 5 Reviewing the literature, both unilateral and bilateral cases are described. [4] [5] [6] The most common causes are rupture of cavernous hemangioma, vascular malformations, tumors in the posterior cranial fossa, intraparenchimal hematoma, ischemic stroke, traumatic injuries, demyelination, and posterior fossa surgery. 7, 8 To the best of our knowledge, no cases of bilateral HOD have been described in the literature as a result of direct surgical bilateral injury of the rubroolivary fibers running in the central tegmental tract (CTT). This is the first report of bilateral HOD occurrence after surgical damage of both CTTs.
Case report
A 70-year-old man was admitted to our Neuroradiology Unit for diplopia and right seventh cranial nerve palsy. A magnetic resonance imaging (MRI) study of the brain was performed on a 3T system and revealed a tumor mass inside the fourth ventricle. The lesion was located on the midline and affected the higher level of the floor of the fourth ventricle, dorsally to the medial lemniscus, from the lower midbrain to the pons ( Figure 1 ). The patient underwent surgery via suboccipital approach through the floor of the fourth ventricle. Pathology demonstrated an oligodendroglioma. After surgery, the patient developed left seventh cranial nerve palsy, upper limb dysmetria, dysarthria, dysphagia, ataxia, apraxia and bilateral horizontal gaze palsy. Three months after surgery, a follow-up MRI revealed the occurrence of hyperintensity of both IONs on axial T2-weighted fluid-attenuated inversion recovery (FLAIR) images that did not appear on the MRI performed before surgery ( Figure 2 ). No enhancement was observed after intravenous contrast agent injection. The apparent diffusion coefficient (ADC) values of the IONs were 0.000884 mm 2 /sec and 0.000813 mm 2 /sec on the right and on the left, respectively, as compared to 0.000790 mm 2 /sec of normal white matter. Using diffusion tensor imaging (DTI), the extent of directionality of water diffusion expressed as a fractional anisotropy (FA) was 0.35 on the right ION and 0.29 on the left ION as compared to 0.76 of normal white matter (Figure 3 ). Surgical resection borders were clearly seen from secondary deposition of hemosiderin on axial T2*-weighted images.
Discussion
Dentato-rubro-olivary connection is also known as ''Guillain-Mollaret triangle,'' discovered in 1931 by Guillain and Mollaret. 9 This is a functional circuit composed of connections between the cerebellar dentate nucleus (DN) of one side with the contralateral mesencephalic red nucleus (RN) and bulbar ION (Figure 4) . On each side, the afferent fibers to the ION originate in the DN and reach the contralateral RN through the superior cerebellar peduncle (SCP) after decussation (dentatorubral fibers). Then, they descend through the CTT crossing the central brainstem tegmentum to connect the ipsilateral ION (rubro-olivary fibers). To complete the triangle, efferent fibers from the ION cross the midline through the inferior cerebellar peduncle back to the contralateral DN (olivodentate fibers). HOD occurs when lesions involve the afferent fibers to the ION, resulting in its deafferentation with trans-synaptic neuronal degeneration. HOD can be ipsilateral or contralateral. Ipsilateral HOD results from damage to the RN or CTT, while contralateral HOD occurs from damage to the DN or dentatorubral fibers. Bilateral HOD occurs when a midline lesion affects both CTTs or the decussations of the dentatorubral tracts or when it involves both dentatorubral fibers and ipsilateral CTT. Pathologically, HOD is considered an unusual degeneration leading to hypertrophy of the affected structure, rather than the more common atrophy as observed in Wallerian degeneration. ION hypertrophy corresponds to neuronal ballooning, vacuolar degeneration of neuronal cytoplasm and increased number of astrocytes. Deafferentation results in interruption of the inhibitory stimuli by the GABAergic fibers projecting into the ION with excessive excitation and contribution to ION hypertrophy. This uncontrolled excitation is responsible for neuronal death and subsequent atrophy after several years. Goto et al. described the sequential histopathological findings of HOD: around 20-30 days after the fibers damage, the loss of functional synapses causes neuronal ballooning and early mild hypertrophy, that reaches its maximum size six to seven months later with both neuronal and astrocytic hypertrophy and neuronal vacuolar degeneration. Over time, the hypertrophic changes decrease and the affected ION evolves progressively toward atrophy, which is complete after several years. 10, 11 Thus, depending on the stage of the degenerative process, three MRI stages exist, as reported by Goyal et al. 12 and Birbamer et al. 13 The first stage develops within the first six months and is characterized by hyperintensity on T2-weighted images of the ION, due to increased intracytoplasmatic water content, without hypertrophy. The second stage shows both hyperintensity and hypertrophy of the ION and typically occurs after six months. In the third stage, which develops after three to four years, hypertrophy resolves and the ION returns to its normal volume or becomes atrophic. Conversely, signal hyperintensity can persist indefinitely. Then, the main diagnostic MRI key is focal rounded hyperintensity on T2-weighted images confined to one or both IONs with sparing of the surrounding tissue, with or without ION hypertrophy depending on the stage of the degenerative process. Ancillary signs are the lack of both restricted diffusion and contrast enhancement. In our case, the observed bilateral T2-hyperintensity without ION enlargement corresponds to the MRI first stage. Given the consistency between time elapsed from surgery and the simultaneous appearance of the hyperintensity of the IONs, we postulate that HOD was secondary to bilateral direct damage of the functional circuit during surgery. We presume that bilaterality resulted from damage to both CTTs due to surgical resection of the midline tumor located inside the fourth ventricle. In fact, as hemosiderin deposition on axial T2*-weighted images suggests, surgical resection margins reached the CTTs, which run closely to both facial colliculi and facial nerve handles (Figures 5  and 6 ). This hypothesis is also validated by the onset of left seventh cranic nerve palsy after surgery. Furthermore, there are no signal alterations of both SCPs, thus excluding involvement of the functional circuit at this level. In conclusion, correct identification of HOD is important to prevent misdiagnosis and to differentiate it from primary lesions as degenerative disease, edema, demyelinating disorders and inflammatory processes. Radiologists, neurosurgeons and other clinicians must know this entity and have to include HOD in the differential diagnosis for T2-hyperintensity in this location, especially in the presence of a posterior fossa lesion. Figure 5 . Axial T2*-weighted image shows hemosiderin deposition corresponding to surgical resection margins reaching both central tegmental tracts (CTTs) (white arrows). Notice the involvement of both facial colliculi. Figure 6 . Schematic anatomic section through the mid-pons shows rubro-olivary fibers running in CTT closely to facial colliculus and seventh cranial nerve handle (freely inspired by Mtui et al.) 14 .
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